The hepatic effects of phthalate esters and related compounds on peroxisomal and microsomal enzyme activities were investigated in the intact animal and in primary hepatocyte cultures. In vitro studies with a series of phthalate monoesters demonstrated structure activity differences in the induction of the specific peroxisomal marker KCN-insensitive palmitoyl-CoA oxidation and also of carnitine acetyltransferase. These effects could be reproduced in vivo, and potency differences were also observed between di(2-ethylhexyl) phthalate (DEHP) and its straight-chain isomer, di-n-octyl phthalate. In in vivo studies, DEHP, mono(2-ethylhexyl) phthalate, and clofibrate/clofibric acid produced large increases in liver size and peroxisomal enzyme activities in Sprague-Dawley rats and Chinese hamsters, but had less effect in Syrian hamsters. These effects could be largely reproduced in vitro where good responses were obtained with rat and Chinese hamster hepatocytes, but either little or no effect with Syrian hamster and DunkinHartley guinea pig hepatocytes. Both DEHP and clofibrate appeared to induce similar form(s) of microsomal cytochrome P-450 which exhibited a high specificity towards lauric acid hydroxylation. With a range of hypolipidemic agents, including phthalate monoesters, a good correlation was observed between the induction of peroxisomal and microsomal enzyme activities in rat hepatocyte cultures. These results thus demonstrate a good relationship between the in vivo and in vitro effects of phthalate esters and related compounds and suggest that hepatocyte cultures may be useful for further studies on the hepatic effects of peroxisome proliferators.
Introduction
A number of compounds are known to produce liver enlargement and hepatic peroxisome proliferation in rodents and certain of these compounds have also been found to increase the incidence of liver tumors in rats and/or mice (1, 2) . Although the precise relationship between peroxisome proliferation and tumor formation remains to be established, it has been suggested that peroxisome proliferators constitute a novel class of chemical carcinogens (2, 3) . The phthalate ester plasticizer di(2-ethylhexyl) phthalate (DEHP) has also been shown to produce liver enlargement and hepatic peroxisome proliferation in rats (4, 5) and mice (6) and to increase the incidence of liver tumors in these two species (7) .
Apart from increasing peroxisomal enzyme activities, and in particular the enzymes of the peroxisomal fatty acid ,B-oxidation cycle (8) , certain peroxisome proliferators are known to enhance the microsomal oxidation of fatty acids (9) . Indeed, Gibson and co-workers (10, 11) *This paper was presented at the Conference on Phthalic Acid Esters, the proceedings of which were published in this journal, volume 65.
tThe British Industrial Biological Research Association, Woodmansterne Road, Carshalton, Surrey, SM5 4DS, England. have isolated a novel form of cytochrome P-450 from the livers of clofibrate [ethyl 2-(p-chlorophenoxy) isobutyrate] treated rats which has a high specificity for the w-and (w -1)-hydroxylation of lauric acid, but correspondingly low specificity towards typical mixed function oxidase substrates. Both DEHP and clofibrate also induce cytosolic epoxide hydratase and glutathione Stransferase activity in rodent liver (12) .
We have been interested in elucidating the hepatic effects of phthalate esters both in the intact animal and in vitro employing primary hepatocyte cultures. Using these systems we have investigated the structure activity requirements for induction of peroxisomal enzyme activities by phthalate esters. The effects on microsomal enzyme activities have also been determined. Finally, as species differences may be important in assessing the relevance of the rat and mouse carcinogenicity studies (7) to man we have also examined the effect of DEHP and other peroxisome proliferators in the rat, Syrian and Chinese hamsters.
Materials and Methods

Materials
Samples of mono-n-octyl, mono(1-ethylhexyl), mono-(2-ethylhexyl), mono-n-hexyl, mono(1-ethylbutyl), mono(2-ethylbutyl) and monoethyl phthalates were synthesized by the method of Albro et al. (13) for phthalate monoesters. Their purity was established by thin layer chromatography, nuclear magnetic resonance spectroscopy and by elemental analysis. DEHP (99.5% pure) was the generous gift of BP Chemicals Ltd., Sully, South Glamorgan, Wales, U.K. All other peroxisome proliferators, enzyme substrates and cofactors and tissue culture materials were obtained from the sources cited previously (14) (15) (16) (17) .
Animals and Treatment
Male animals were used for all studies. Sprague-Dawley rats (100-120 g) were purchased from Olac (1976 (14) .
Biochemical Determinations
Hepatocyte whole homogenate and/or liver whole homogenate fractions were assayed for activities of KCNinsensitive palmitoyl-CoA oxidation, carnitine acetyltransferase, total and heat labile enoyl-CoA hydratase, and protein content as described previously (14) (15) (16) . The activity of lauric acid hydroxylation (measured as the combined 11-and 12-hydroxylation) in hepatocyte whole homogenates was measured by the method of Lake et al. (18) . Liver whole homogenate fractions were also fractionated by differential centrifugation (16) to obtain washed microsomal fractions which were assayed for content of cytochrome P-450 and protein and activities of ethylmorphine N-demethylase and 7-ethoxycoumarin 0-deethylase (16) . Microsomal lauric acid 11-and 12-hydroxylation was assayed as described previously (16) but employing high performance liquid chromatography to separate the two metabolites (9) .
Results
Structure-Activity Studies
Rat hepatocytes were cultured for 70 hr with a series of six phthalate monoesters and the activities of KCNinsensitive palmitoyl-CoA oxidation and carnitine acetyltransferase determined. Whereas the former enzyme is a specific peroxisomal marker (8) , carnitine acetyltransferase is located in peroxisomal, mitochondrial, and microsomal fractions (19) . However, unlike the specific mitochondrial marker carnitine palmitoyltransferase (20) , carnitine acetyltransferase activity is markedly induced in rat primary hepatocyte cultures by a number of peroxisome proliferators (14) . The addition of mono(2-ethylhexyl) phthalate (MEHP), which is the primary metabolite of DEHP (13), produced dose-related increases in the activities of palmitoyl-CoA oxidation ( Fig.  1 ) and carnitine acetyltransferase (Fig. 2) . MEHP was more potent than either its one substituted isomer mono(1-ethylhexyl) phthalate (MlEHP) or its straightchain isomer mono-n-octyl phthalate (MNOP). Similar effects were obtained with the three hexyl isomers examined, where mono(2-ethylbutyl) phthalate (M2EBP) was more potent than either mono(1-ethylbutyl) phthalate (MlEBP) or mono-n-hexyl phthalate (MNHP). In general, the octyl isomers were more potent than the hexyl isomers, as they stimulated enzyme activities at lower concentrations in the culture medium. In order to provide an expression of potency the concentrations of the monoesters required to elicit a 3-fold (i.e., 300% of control) increase in palmitoyl-CoA oxidation were calculated. For the straight-chain, 1-and 2-ethyl-substituted octyl isomers the values were 201, 260, and 51 pLM; and for the straight-chain, 1-and 2-ethyl-substituted hexyl isomers the values were 508, 536, and 156 FtM. The hepatocyte culture studies would thus suggest that MEHP may be a more potent inducer of peroxisomal enzyme activities in vivo than MlEHP. The effect of administration of these two compounds to young male Sprague-Dawley rats for 7 days at oral dose levels of 50-500 mg/kg/day is shown in Figure 3 . With both enzyme activities measured, dose-dependent effects were observed, MEHP being the more potent inducer in vivo. 
Species Difference Studies
Previous studies have demonstrated that species differences exist in the response to the hepatic effects of peroxisome proliferators (1). For example, clofibrate has been reported to increase peroxisome numbers in the rat but apparently not in the hamster (23) . Accordingly, we compared the effects of DEHP and MEHP in (24) .
The administration of DEHP, MEHP, and clofibrate produced marked increases in liver size and activities of palmitoyl-CoA oxidation and carnitine acetyltransferase in the rat (Table 2 ). In contrast, these three compounds and clofibric acid produced little effect in Syrian hamsters. However, Chinese hamsters were more responsive than Syrian hamsters to the hepatic effects of DEHP, MEHP, and clofibric acid ( Table 2) .
The species differences in induction of peroxisomal enzyme activities observed in vivo could also be largely reproduced in primary hepatocyte cultures. The culture of Sprague-Dawley rat hepatocytes for 70 hr with either 20-200 FLM MEHP (Fig. 4) or 50-1000 FM clofibric acid (Fig. 5 ) resulted in dose-dependent increases in palmitoyl-CoA oxidation activity. In contrast, little effect was observed in hepatocytes from either Syrian hamsters or Dunkin-Hartley guinea pigs. Previous studies have indicated that the guinea pig may be refractory to peroxisome proliferators as negative effects of both DEHP (25) and clofibrate (23) have been reported in this species.
The species difference observed in vivo between Syrian and Chinese hamsters was also exhibited in cell culture. The culture of Chinese hamster hepatocytes for 70 hr with either MEHP, clofibric acid, or 4-chloro-6-(2, 3-xylidino)-2-pyrimidinylthio(N-,B-hydroxy-ethyl)-acetamide (BR-931) resulted in significant increases in palmitoyl-CoA oxidation activity (Table 3) . BR-931 is known to be a potent inducer of peroxisomal enzyme activities both in vivo (2) and in vitro (14) . In contrast to the Chinese hamster, only clofibric acid produced a significant increase in enzyme activity in hepatocytes from Syrian hamsters.
Microsomal Effects of Phthalate Esters and Related Compounds
The administration of DEHP and clofibrate, but not DNOP, to male Sprague-Dawley rats resulted in small increases in hepatic microsomal cytochrome P-450 content and activities of ethylmorphine N-demethylase and 7-ethoxycoumarin 0-deethylase (Fig. 6 ). However, both DEHP and clofibrate administration produced a marked induction of lauric acid hydroxylation and in particular of the 12-hydroxylation (i.e., w-hydroxylation) of this substrate. Increased lauric acid hydroxylation was also observed after MEHP treatment (data not shown), whereas DNOP and MNOP induced neither peroxisomal (Table 1) nor microsomal ( Fig. 6 and data not shown) fatty acid oxidation. Employing primary hepatocyte cultures we investigated the relationship between the induction of peroxisomal and microsomal enzyme activities by a range of ten hypolipidemic agents including three phthalate monoesters, namely MEHP, MNOP and monoethyl phthalate. Rat hepatocytes were cultured for 70 hr with the compounds and the activities of carnitine acetyltransferase, palmitoyl-CoA oxidation, lauric acid hydroxylation (measured as the combined 11-and 12-hydroxylation) and 7-ethoxycoumarin 0-deethylase determined. The induction of carnitine acetyltransferase and lauric acid hydroxylation was highly correlated (r = 0.980, p < 0.001) (Fig. 7) , as was the induction of palmitoyl-CoA oxidation and lauric acid hydroxylation (r = 0.967, p < 0.001) (data not shown). In contrast, the induction of either carnitine acetyltransferase (r = -0.253, p > 0.05) or palmitoyl-CoA oxidation (r = -0.156, p > 0.05) did not correlate with a typical mixed function oxidase enzyme activity, namely 7-ethoxycoumarin O-deethylase (data not shown).
Discussion
The structure activity studies indicated potency differences between various phthalate esters. For examClofibric Acid(,M) ple, with a range of monoesters, octyl isomers were generally more potent than hexyl isomers. Branchedchain esters, depending on the position of the side chain, may be more potent than straight-chain esters. However, the observed differences in induction 'of. peroxisomal enzymes by phthalate esters appear, in general, to be dose-related, and thus the observed differences may be purely quantitative rather than qualitative. Certainly, in the cell culture studies no compound was truly negative, in that they all produced some stimulation of enzyme activities. We have previously demonstrated increases in peroxisome numbers in rat hepatocyte cultures after treatment with MEHP and other peroxisome proliferators (14, 26, 27) . Although hepatocyte cultures cannot compensate for differences in compound phar- macokinetics as well as possible differences between in vivo and in vitro metabolism; the present studies indicate the potential usefulness of cell cultures as a rapid and economical screen for the induction of peroxisomal enzyme activities. Primary hepatocyte cultures also reduce the requirement for experimental animals. In this study, MEHP was found to be more potent than MlEHP in inducing peroxisomal enzymes either in vivo or in vitro.
Species differences in the magnitude of induction of peroxisomal enzyme activities were observed between the rat and Syrian and Chinese hamsters. In the case of DEHP the observed difference between the SpragueDawley rat and Syrian hamster may be partially attributed to differences in rates of intestinal hydrolysis to MEHP and subsequent absorption and excretion (15) as well as to species differences in the subsequent metabolism of MEHP (28) . However, that the in vivo differences between the rat and Chinese and Syrian hamsters could be largely reproduced in vitro, suggests that intrahepatic factors are of major importance in determining species differences in response. As would be expected from the in vivo studies, the induction of palmitoyl-CoA oxidation was observed in rat and Chinese hamster hepatocytes after treatment with either MEHP or clofibric acid. In contrast, Syrian hamster hepatocytes responded only weakly to clofibric acid and no significant effect was observed with either MEHP or BR-931. These observations do not correlate well with in vivo findings as Syrian hamsters do respond weakly to MEHP (Table 2) , and the potent peroxisome proliferator BR-931 has been shown to produce a marked effect in this species after dietary administra- tion for a period of 6 weeks (29). Although hepatic peroxisome proliferation has been reported to occur in primate species as well as in rodents (30) , controversy exists as to whether this effect occurs in man (1,2). Should further species difference studies confirm a good correlation between the in vivo and in vitro effects of peroxisome proliferators, then appropriate studies with human hepatocyte cultures may be of great value in predicting the likely human response to these compounds. Species differences could also be employed to probe the proposed relationship between peroxisome proliferation and hepatocarcinogenicity (2, 3) , by performing long-term studies in species such as the Syrian hamster which is less responsive than the rat to compounds such as DEHP and clofibrate.
Both clofibrate and DEHP appear to induce similar form(s) of rat hepatic microsomal cytochrome P-450 which have a high specificity for the hydroxylation of lauric acid. This was indicated by the present studies comparing effects on a number of mixed function oxidase activities and by other studies where spectrophotometric and electrophoretic criteria were also employed (16) . These effects can also be reproduced in cell culture as both clofibrate and MEHP have been shown to maintain hepatocyte cytochrome P-450 levels and to induce lauric acid hydroxylation (17, 18) . The cell culture studies also indicated that with a range of hypolipidemic agents, including phthalate monoesters, a close correlation exists between the induction of peroxisomal and microsomal enzyme activities. Whether the induction of novel form(s) of cytochrome P-450 by peroxisome proliferators is involved in the hepatotoxicity of these compounds remains to be elucidated.
In conclusion, the results described in this paper generally demonstrate a good correlation between the in vivo and in vitro hepatic effects of phthalate esters and related compounds. Thus the factor(s) responsible for the initiation of peroxisome proliferation and induction of peroxisomal and microsomal enzyme activities appear to be intrahepatic in nature and are retained in primary hepatocyte cultures. Hepatocyte cultures may thus be useful for further studies on the relevance of peroxisome proliferation to man (e.g., for structure-activity and species difference studies) and also for investigations into the mechanism of hepatotoxicity of peroxisome proliferators.
